At biological interfaces, flexible surface structures and mobile water interact with each other to present non-uniform three-dimensional (3D) distributions. In spite of their impact on the biological functions, molecular-scale understanding of such phenomena has remained elusive. Here we show direct visualization of such interfacial structures with subnanometer-scale resolution by 3D scanning force microscopy (3D-SFM). We measured a 3D force distribution at an interface between a model biological membrane and buffer solution by scanning a sharp tip within the 3D interfacial space. We found that vertical cross sections of the 3D image taken along a specific lateral direction shows characteristic molecular-scale contrasts tilted at 30 • † Membrane/Water Interfaces Visualized by 3D-SFM
to the membrane surface. Detailed analysis of the 3D image reveals that the tilted contrast corresponds to the time-averaged conformation of fluctuating lipid headgroups. Based on the obtained results, we discuss the relationships among the hydration structure, headgroup fluctuation, molecular fluidity and mechanical strength of the membrane. The results demonstrate that 3D-SFM is capable of visualizing averaged 3D distribution of fluctuating surface structures as well as that of mobile water (i.e. hydration structure) at interfaces between biological system and water.
At the interface between a biological system and its surrounding physiological solution, water molecules interact with biomolecules constituting the surface. Through the interaction, water molecules give significant influence on the structure and function of biomolecules and their assembly. [1] [2] [3] Therefore, understanding of the structure and function of a biological system requires investigations on the behavior of interfacial water. The surface of a biological membrane mainly consists of hydrophilic lipid headgroups. So far, the membrane/water interface has been extensively studied by various techniques. [4] [5] [6] [7] [8] [9] [10] [11] These previous works have shown that the water molecules adjacent to a membrane strongly interact with the headgroups and give significant influence on its mechanical strength and fluidity. [12] [13] [14] However, molecular-scale origin for such a grave influence has remained elusive.
One of the major difficulties in such a study lies in the measurement of molecular-scale structure of a membrane/water interface. As the lipid headgroups exhibit thermal fluctuations, the surface structure of a membrane is inherently ill-defined. In addition, the fluctuating lipid headgroups interact with mobile water, through which the interfacial water presents non-uniform density distribution known as hydration structure. Thus, the understanding of the whole structure of membrane/water interface should require a method to visualize three-dimensional (3D) distribution of mobile water as well as fluctuating lipid headgroups.
Atomic force microscopy (AFM) 15 has been widely used as a nanoscale surface imaging tool.
In a typical AFM setup, a sharp tip is scanned in XY directions (i.e. parallel to the surface) on a sample to produce a two-dimensional (2D) image of the surface topography. In contrast, several methods have recently been proposed for imaging 3D distribution of forces acting on a tip (F t ) near the sample surface. [16] [17] [18] [19] [20] [21] In these methods, a tip is scanned in Z direction (i.e. perpendicular to the surface) as well as in XY directions to image the whole 3D interfacial space. Among the proposed methods, 3D scanning force microscopy (3D-SFM) 20 has the fastest imaging speed and hence suitable for liquid-environment applications where non-linear tip drift is difficult to avoid.
Previously, 3D-SFM has been used for imaging 3D F t distribution at a mica/water interface. 20 The obtained 3D image showed subnanometer-scale contrasts corresponding to the spatial distribution of a hydration layer and water molecules adsorbed on the surface. This previous work highlighted the unique capability of 3D-SFM to visualize hydration structures. However, the method has not been used for investigating a biological system. Thus, it has remained unknown how the fluctuating biomolecules and interfacial water are visualized and what information is obtained regarding their influence on the structure and functions of the biological system.
In this study, we investigate the membrane/water interface by 3D-SFM. We analyze subnanometerscale contrasts of the measured 3D-SFM image and correlate them to the 3D distribution of interfacial water and fluctuating lipid headgroups. We also discuss the influence of hydration phenomena on the structure and dynamics of the lipid membrane.
Results and discussion
In this study, we have investigated a dipalmitoylphosphatidylcholine (DPPC) bilayer supported by mica. DPPC is one of the major phospholipids constituting a biological membrane. Thus, a DPPC bilayer has widely been used as a model biological membrane. [22] [23] [24] A DPPC has a tail group consisting of two acyl chains and a headgroup consisting of a zwitterionic phosphatidylcholine (PC) group (Figure 1a ). In aqueous solution, DPPC molecules form a bilayer with the hydrophobic tail groups separated from water and the hydrophilic headgroups adjacent to water (Figure 1b ). At room temperature, a DPPC bilayer is in the gel phase where the acyl chains are closely packed to exhibit relatively small thermal fluctuation. However, the headgroups exhibit much larger thermal fluctuation even in the gel phase due to the gap between adjacent headgroups.
We performed 3D-SFM imaging at the interface between the DPPC bilayer and HEPES solution. In 3D-SFM, the tip is laterally scanned on a sample as in the case of conventional AFM.
During the scan, the vertical tip position (z t ) is modulated with a sine wave faster than the bandwidth of the tip-sample distance regulation ( Figure 1b ). The Figure 2b shows a ∆ f versus distance curve averaged over an XY cross section at each z t . The ∆ f curve shows a gradual increase with oscillatory peaks. These features suggest the existence of a repulsive long-range force (F LR ) and an oscillatory short-range force (F SR ). We converted the ∆ f curve to F t versus distance curve using the formula proposed by Sader and Jarvis. 25 The F t curve ( Figure 2c ) shows that the oscillatory F SR is much smaller than F LR . However, the influence of F SR is evident in the ∆ f curve. This is because FM-AFM has a high sensitivity to the force component with an interaction length comparable to A (0.095 nm in this experiment). 26 In the previously study, ∆ f curves measured on a DPPC bilayer in phosphate buffered saline (PBS) solution showed an oscillatory profile without influence of F LR . 11 This is due to the difference in the solution conditions used for the imaging and sample preparation. In fact, we experimentally confirmed the systematic difference between the ∆ f curves measured in HEPES and PBS solutions using different tips (see Supporting Information, Figure S1 ).
We estimated the F LR component by fitting an exponential function to the F t curve (dotted line in Figure 2c ). We subtracted it from the original curve to obtain the F SR component (Figure 2d ). For the experiments in vacuum, F LR originates from the electrostatic and van der Waals interactions.
Thus, functions proportional to z −1 t or z −2 t are often used for the fitting. 27 In liquid, these force components are significantly suppressed whereas the contribution of the hydration force becomes evident. 28 The distance dependence of the hydration force varies depending on the solution and tip conditions. It can be monotonic increase, monotonic decrease, oscillation or combination of them.
Thus, it cannot be described by a simple formula. In this study, we used an exponential function as it is well fitted to the measured F t curve ( Figure 2c ). A similar method has been generally used for analyzing the force curves measured by surface force apparatus (SFA). 29 The F SR curve shows an oscillatory profile with three peaks (1)-(3) ( Figure 2d ). The peak separation between Peaks (1) and (2) is D 12 = 0.36 nm while that between Peaks (2) and (3) is
Such an oscillatory profile has also been observed in the force curves obtained in the previous studies using AFM 30 or SFA. 31 Due to the agreement between the measured peak separation and the expected thickness of a water layer (0.2-0.4 nm), the oscillatory profile has been considered to reflect the layered distribution of the interfacial water (i.e. hydration layers). In fact, force curves measured at a mica/water interface in the previous study using FM-AFM 20 showed good agreement with the results obtained by Monte Carlo simulation 32 and X-ray reflectometry, 33 which supports the above discussion.
In contrast to the mica surface, the membrane surface consists of flexible lipid headgroups.
Thus, an oscillatory force peaks may arise when the tip penetrates into the headgroup region. This means that we cannot identify the position of the hydration layers or headgroup region from the averaged force curve. However, we have the whole data of the 3D force distribution so that we should be able to obtain additional information to answer this question by analyzing XY cross sections of the 3D ∆ f image as shown below.
For detailed analysis of F SR , we obtained a 3D F SR image by applying the same procedure as shown in Figure 2b Figure 4a and such a contrast is not observed in Figure 4b . We also examined other Z cross sections and confirmed that such a contrast is observed only in the cross sections taken along a molecular row nearly parallel to Line A-B (see Supporting Information, Movie 2 and 3). The result suggests that the interaction force acting between the tip and headgroups has rotational anisotropy with respect to the Z axis.
The tilted contrasts are observed only in Zone II, where interaction between the tip and the headgroups predominantly contribute to the contrast formation. Thus, the observed contrast should reflect the rotational anisotropy of the tip or the headgroups. For this particular experiment, the latter is more likely to be the case as discussed below. According to the previous studies using molecular dynamics (MD) simulation, the DPPC headgroups exhibit thermal fluctuations even in the gel phase at room temperature. However, the fluctuation is not random but has preference.
On average, the headgroups are oriented to a specific direction and tilted at 30 • to the membrane surface. 22, [34] [35] [36] The fluctuation of the headgroups is much faster than the imaging speed of 3D-SFM. Thus, the measured force should reflect the time-averaged interaction between the quasistatic tip and the headgroups with their position and orientation thermally-fluctuated. When the tip is placed at the averaged position of a headgroup, the headgroup is hindered to take the favorable conformation during the fluctuation. Consequently, a large repulsive force should be applied to the tip apex. Therefore, the force distribution measured by 3D-SFM should reflect the time-averaged structure of the DPPC headgroups.
The striped contrasts in Figure 4a are tilted at 55 • to the membrane surface, which is larger than the tilt angle of a PC headgroup expected from the MD simulation (≈ 30 • ). Although this result seems to contradict the above argument, it can be consistently explained by taking into account the deformation of the DPPC bilayer caused by F LR . The F SR acting between each headgroup and the atomic-scale tip apex is lower than 100 pN as shown in Figure 2d . However, the F LR acting on all the DPPC molecules contained in the nanoscale interaction range becomes higher than 1 nN when the tip is brought to contact with the headgroups (Figure 2c ). If the bilayer is deformed by the F LR as shown in Figure 4d , it can lead to an error in the measured tilt angle of the headgroups.
Here we estimate the deformation of the bilayer caused by F LR . We assume that the bilayer shows elastic deformation in proportion to the F LR curve obtained by the fitting shown in Figure 2c .
We have confirmed the validity of this assumption by taking force curves (n = 88) by static-mode AFM on a DPPC bilayer prepared under the same conditions as used in the 3D-SFM experiment. Figure 5a shows a typical force curve measured on the DPPC bilayer in HEPSE buffer solution.
The curve shows a jump (as indicated by an arrow in Figure 5a ) corresponding to the penetration of the AFM tip into the DPPC bilayer. The linear force increase before the penetration suggests that the DPPC bilayer shows elastic deformation by the interaction with the nanoscale AFM tip.
Thus, the stiffness of the DPPC bilayer (k LB ) can be calculated with a series spring model shown in Figure 5b . The effective stiffness of the series spring (k EF ) was estimated from the slope of the force curve as shown in Figure 5a . From k EF and k CL , k LB was calculated by k LB = k EF k CL /(k CL − k EF ). We calculated k CL with individual force curves and obtained their average of 12 ± 2.7 N/m ( Figure 5c ).
Similar to the case in the static-mode AFM measurement, we should take into account the static bending of the cantilever caused by F LR in the 3D-SFM measurement. For this purpose, we can use the same series spring model as shown in Figure 5b . From the estimated k LB and the equation k EF = k CL k LB /(k CL + k LB ), we obtained k EF of 8.5 N/m. From the k EF and the F LR curve (Figure 2c ), we obtained a deformation versus distance curve and used it for correcting the z t scale of the Z cross section shown in Figure 4a . The corrected Z cross section is shown in Figure 4e .
Comparing Figure 4a and 4e, we find little difference in Zone I corresponding to the water region. For example, the peak distance (1)- (2) is decreased only by 0.02 nm from 0.36 nm to 0.34 nm. In contrast, the force distribution in Zone II corresponding to the headgroup region is significantly compressed in Z direction. This is because F LR increases with decreasing z t and hence the influence of the z t scale correction becomes prominent near the membrane surface. In the corrected Z cross section (Figure 4e ), the tilt angle of the striped contrast (≈30 • ) agrees with the value expected from the MD simulation. The result supports our argument that the tilted contrasts reflect the averaged conformation of the fluctuating headgroups.
As explained above, the tip feels strong repulsive force when it is placed at the averaged position of the fluctuating headgroup. Thus, the averaged conformation is imaged with a bright contrast. However, the decrease of F SR below the headgroup position (arrows in Figure 4e ) should require additional explanation. As the tip approaches the averaged position of a headgroup, the repulsive force gradually increases. When the force exceeds a threshold value, the most favorable conformation of the headgroup should be changed. Thus, the averaged headgroup position is displaced from under the tip and the repulsive force is decreased. This explains the imaging mechanism of the tilted contrast corresponding to the headgroup conformation (Figure 4e ). Although the contrast may not perfectly represent the true headgroup structure, the orientation and tilted angle are likely to agree with those of the averaged headgroup conformation.
Here, we discuss possibilities of the other origins of the tilted contrast. One possible origin is the deformation of the tip apex. In fact, tilted contrasts can be observed even at a mica/water inter-face when we use a large loading force to deform the tip apex. In our experiment, however, the tip interacts with fluctuating headgroups. Thus, the averaged headgroup conformation is likely to be changed before the Si tip is deformed. Another possible origin is the deformation of acyl chains.
For example, contact-mode AFM images of lipid bilayers show distorted molecular-scale contrasts due to the molecular deformation when a large loading force is used. 37 In our experiment, however, we experimentally confirmed that the tilted contrast does not change when the fast scanning direction is inverted. Thus, the tilted contrast is unlikely to be caused by the lateral loading force.
We also estimated the vertical deformation caused by F LR from k LB and Figure 2c . At z t range of 0.0-0.3 nm, the vertical deformation is ≈0.1 nm. However, the lateral shift of the tilted contrast is about ≈0.35 nm which is much larger than the vertical deformation. Therefore, it is unlikely that the tilted contrast is caused by the vertical loading force either. From these discussions, it is most likely that the tilted contrast reflects the averaged conformation of the fluctuating headgroups.
The distance between Peaks (1) and (2) (i.e. the first and second hydration layers) is 0.34 nm in the corrected Z cross section (Figure 4e ). This is longer than the value previously measured in PBS solution (0.28 nm). 11 We performed separate experiments to compare the properties of a DPPC bilayer in HEPES and PBS solution. We found that a DPPC bilayer in HEPES solution shows longer repulsive F LR (see Supporting Information, Figure S1 ) and lower mechanical strength (see Supporting Information, Table S1 ) than that in PBS solution. The lower mechanical strength suggests larger molecular fluidity and fluctuation of the molecules, which has been considered to be an origin of repulsive F LR . 28 Therefore, these results suggest the larger fluctuation of the DPPC molecules in HEPES solution and its influence on the hydration force. Similarly, the molecular fluctuation may disturb the layer-like distribution of the water molecules, leading to the larger spacing between the hydration layers. In fact, the distance between the hydration layers measured on inorganic crystals having low fluctuation is typically smaller than that on DPPC bilayers. For example, it has been reported to be 0.27 nm on mica, 19 0.20 nm on calcite 30 and 0.22 nm on selfassembled monolayer of COOH(CH 2 ) 10 -SH/Au(111). 38 These results support the above argument that the surface fluctuation may influence the distance of hydration layers. Future experiments with different lipid headgroups and ionic species may elucidate detailed correlation between the fluctuation of surface molecules and the 3D hydration structure.
Conclusion
In this study, we measured 3D force distribution at the interface between fluctuating lipid headgroups and HEPES buffer solution. The obtained 3D image shows molecular-scale tilted contrasts reflecting the averaged conformation of the headgroups as well as layer-like contrasts corresponding to the hydration layer ( Figure 6 ). The results demonstrate that we can visualize averaged 3D distribution of fluctuating surface structures as well as that of mobile water (i.e. hydration structure). We performed detailed analysis of the 3D image and discussed the relationships among the 
AFM measurements
A custom-built FM-AFM with a low noise cantilever deflection sensor [39] [40] [41] was used for the 3D- (i) 
Molecular Rows

Inside of acyl chains
Molecules
Top of headgroups
No contrast
Inside of hydration Layers
Molecules
Top of acyl chains
Molecular Rows
Inside of headgroups
Zone II Zone I Zone III Figure 3 : XY cross sections obtained from the 3D F SR image of the interface between the DPPC bilayer and HEPES buffer solution. Positions (i)-(v) are indicated in Figure 2d . Illustrations show the relative positions of the tip apex with respect to the membrane surface. In (b)-(e), the orientation of the molecular-rows appear to be slightly changed at the middle of the image. This is due to nonlinear drift of the tip position with respect to the sample surface. 
